The microRNA393 (miR393) family is one of the conserved miRNA families in the plant kingdom. MiR393 was reported to regulate rice tillering and abiotic stress resistance positively through an auxin signaling pathway. However, little is known about the function of miR393 in switchgrass (Panicum virgatum L.), an important bioenergy C 4 grass plant. We tested the expression level of miR393 and its four putative target genes (PvAFB1, PvAFB2, PvAFB3 and PvTIR1) in switchgrass, and found that these genes all responded to cold stress and exogenous 1-naphthaleneacetic acid (NAA) treatment. To investigate the function of miR393 in switchgrass, we enhanced miR393 expression by introducing an Osa-miR393a gene into switchgrass. The results showed that cold tolerance of the transgenic T 0 and T 1 generation plants was highly improved. Cold tolerancerelated genes PvCOR47, PvICE1 and PvRAV1 were negatively regulated by exogenous NAA, and the expression of these genes was significantly higher in transgenic plants than in wild-type plants. The transgenic T 1 seedlings were more tolerant to exogenous NAA treatment, accumulating less H 2 O 2 after cold treatments. It was also observed that the miR393/ target module regulates cold tolerance responses in Arabidopsis. In addition, transgenic plants overexpressing miR393 had significantly more tillers and higher biomass yield per plant in greenhouse and field tests. Forage quality analyses revealed that the soluble sugar contents of transgenic plants were increased markedly. Overall, the results suggested that overexpression of miR393 improved cold tolerance and tillering of switchgrass through regulation of auxin signaling transduction.
Introduction
Switchgrass (Panicum virgatum L.) is a warm season perennial grass, native to North America, and has been considered as one of the potential second-generation bioenergy crops (Sage et al. 2015, Peixoto and Sage 2016) . Improving biomass yield is a major target trait in switchgrass breeding. Various approaches could be utilized to improve the biomass of plants, such as prolonging the vegetative growth time by overexpression of the FLOWERING LOCUS C (FLC) gene (Salehi et al. 2005, Demura and Ye 2010) , overexpression of the genes involved in gibberellin biosynthesis or signaling (Eriksson et al. 2000 , Biemelt et al. 2004 , etc. Overexpression of Osa-miR156 or suppressing the expression of PvSPL genes directly were also reported to increase the tiller number and hence to improve plant biomass of switchgrass transgenic (TG) plants .
The biomass yield of switchgrass also correlates with its ability to tolerate deep winter cold and chilling stress in the growth season, like most perennial grasses (Sage et al. 2015) . Improving plant cold tolerance could prolong its growth time in a whole growing season. Lowland cultivars of switchgrass originated from warm climate areas and could be severely injured or killed after a cold winter in northern areas (Edwards et al. 2008 , Palmer et al. 2014 . For example, the lowland switchgrass cultivar Alamo originated from South Texas, where the lowest temperature is about -13 C, and it cannot tolerate the deep winter cold (about -30 C) in Guyuan (Latitude N 41.68 ) and Dingbian (Latitude N 37.53 ) in China (Ma et al. 2011 ). Improving both cold tolerance and biomass productivity of switchgrass at the same time is expected in switchgrass breeding.
Genetic engineering is likely to play an important role in switchgrass breeding . By modifying enzymatic genes, transcription factors or microRNAs (miRNAs), sugar release and biomass yield of switchgrass have been improved successfully (Fu et al. 2011a , Fu et al. 2011b , Saathoff et al. 2011 . MiRNAs, as a kind of new regulatory molecules, have often been found to play important roles during plant development and in the tolerance of environmental stresses by direct cleavage or translation repression of the mRNAs of their target genes (Bartel 2004 , Li et al. 2013 ). In switchgrass, many miRNAs have been found to correlate with abiotic stress, such as miR319, miR396 and miR393 (Matts et al. 2010 , Li et al. 2013 , Xie et al. 2014 . In particular, expression of miR393 was up-regulated in switchgrass by drought, heat and salt stress (Xie et al. 2014 , Hivrale et al. 2016 .
MicroRNA393 (miR393) belongs to a conserved miRNA family in plants. In Arabidopsis thaliana, four F-box genes of AUXIN SIGNALING F BOX PROTEIN (AFB), AFB1, AFB2, AFB3 and the auxin receptor gene TRANSPORT INHIBITOR RESPONSEPROTEIN1 (TIR1) have been identified as targets of miR393 (Jones-Rhoades and Bartel 2004 , Navarro et al. 2006 , Parry et al. 2009 ). By regulating its target genes, miR393 reportedly plays multiple biological roles, such as regulation of leaf development (Si-Ammour et al. 2011) , control of root elongation (Vidal et al. 2010 , Bai et al. 2017 , maintenance of normal plant growth (Chen et al. 2011 ) and tillering in rice (Xia et al. 2012 , and miR393 was also reported to be closely related to biotic (Navarro et al. 2006 ) and abiotic stresses (Sunkar and Zhu 2004 , Xia et al. 2012 , Chen et al. 2015 , Bai et al. 2017 . The targets of miR393, TIR1/AFB genes, are a subset of F-box-containing auxin receptors in regulating auxin signaling (Ruegger et al. 1998 , Dharmasiri et al. 2005a , Kepinski and Leyser 2005 . In rice, in addition to the known target genes of miR393, genes of an auxin transporter (OsAUX1) and a tillering inhibitor (OsTB1) were also down-regulated in the miR393-overexpressing plants (Xia et al. 2012) . The overexpression of miR393 in rice plants showed an increased tiller number and early flowering phenotypes (Xia et al. 2012) . The plants overexpressing miR393 were more sensitive to salinity and alkalinity in rice and A. thaliana (Gao et al. 2011 , Xia et al. 2012 . MiR393 was also strongly induced under cold stress in Arabidopsis (Sunkar and Zhu 2004) and tomato (Koc et al. 2015) . In switchgrass, the expression level of miR393 is high in inflorescences in comparison with mature stems and leaves (Matts et al. 2010) , but the functions of miR393 in switchgrass remain to be elucidated.
In this study, we enhanced miR393 expression in switchgrass by heterologous expression of an Osa-miR393a gene. We found the transgenic plants not only produced more tillers and higher biomass, but also had improved forage quality by releasing more soluble sugars. In addition, the transgenic plants were more cold tolerant. Further investigation revealed that improved cold tolerance correlated with higher expression of certain cold tolerance-related genes, which are regulated by the auxin signaling pathway. Mutant analysis in Arabidopsis unveiled the conservation of the miR393/target module regulating cold tolerance through the auxin signaling pathway in plants. To our knowledge, this is the first report to link miR393-regulated cold tolerance to the auxin signaling pathway in plants.
Our results also demonstrate that fine-tuning of miR393 expression and its targets could be a way to enhance plant cold tolerance and increase biomass yield at the same time.
Results
MiR393 is up-regulated by cold stress responses and down-regulated by auxin in switchgrass
To investigate whether and how the expression of miR393 is affected by cold stress, we tested the mature miR393 level in the leaf of E3 stage (Hardin et al. 2013 ) switchgrass plants that were subjected to 4 C treatment. The expression pattern of mature miR393 was analyzed by stem-loop quantitative reverse transcription-PCR (qRT-PCR) since information on the miR393 gene of switchgrass is not available. The results showed that the relative expression level of mature miR393 was significantly increased after cold treatment at 4 C for 24 h (Fig. 1A) . Considering that miRNAs perform their biological functions by inhibiting translation or by direct cleavage of their target mRNAs at the post-transcription level, we searched for the putative target genes of miR393 in the genome website of switchgrass (https://phytozome.jgi.doe.gov/pz/portal.html) by performing BLAST with the known miR393 target gene sequences from A.thaliana (Jones-Rhoades and Bartel 2004 , Navarro et al. 2006 , Parry et al. 2009 ) and rice (Oryza sativa) (Xia et al. 2012) . Four putative target genes of miR393 in switchgrass, PvAFB1 (Pavir.J08245.1), PvAFB2 (Pavir.J28721.1), PvAFB3 (Pavir.J34496.1) and PvTIR1 (Pavir.J05101.1) that are potentially involved in auxin signaling transduction were obtained and the putative binding sites of miR393 were identified (Supplementary Table S2 ). Phylogenetic analysis showed that the amino acid sequences of the products of those target genes among A. thaliana, O. sativa and P. virgatum L. were highly conserved (!99% homology) ( Supplementary Fig. S1 ). qRT-PCR tests showed that the expression of the four putative miR393 target genes was induced by cold treatment, but with two different patterns (Fig. 1B) . The expression of PvAFB1 and PvTIR1 was increased from 0 h to 12 h, but their expression was reduced at 24 h of cold treatment. The expression of PvAFB2 and PvAFB3 showed an increase from 0 h to 12 h, but no significant decrease at 24 h as was the case for PvAFB1 and PvTIR1. Obviously, a time lag may exist during the process of miR393 regulating its target genes. The results indicated that miR393 was responding to cold stress in switchgrass.
To reveal the relationship of miR393 and the auxin signaling pathway in switchgrass, we grew switchgrass seedlings on medium containing different concentrations of 1-naphthaleneacetic acid (NAA). The root growth of switchgrass seedling was clearly inhibited by exogenous NAA (Supplementary Fig.  S2A ). With no NAA treatment, miR393 was expressed at a higher level in the root than in the shoot ( Supplementary Fig.  S2B ). Under NAA treatment, the expression of miR393 in the root of wild-type (WT) switchgrass seedlings was steadily down-regulated when the exogenous NAA concentration increased (Fig. 1C) . Correspondingly, expression of the putative target genes of miR393 was up-regulated by exogenous NAA up to 0.5 mg l -1, and all these genes reached the highest expression level when the NAA concentration was 0.2 mg l -1 (Fig. 1D ).
Recovery and verification of Osa-miR393a transgenic switchgrass plants
To investigate further the function of miR393 in switchgrass plant, we introduced the Osa-miR393a gene into switchgrass by Agrobacterium-mediated transformation. The T-DNA region of the binary vector is shown in Fig. 2A . A total of 24 independent PCR-positive T 0 plants were generated. Seven PCR-positive lines were selected randomly for Southern blot analysis. Considering that sequences homologous to Osa-miR393a could exist in switchgrass, a DNA fragment of the hygromycin phosphotransferase (hpt) gene was used as a probe for Southern blotting. The results confirmed the integration of the foreign gene in TG plants (Fig. 2B) . The expression of Osa-miR393a in TG plants was tested by RT-PCR by using a pair of primers specific to OsamiR393a (miR393_F and miR393_R; Supplementary Table S1 ).
The results showed the presence of Osa-miR393a transcript in the TG plants, but not in the WT plants (Fig. 2C) . The analysis of the mature miR393 showed that all the tested TG lines had a higher accumulation of mature miR393 than the WT control ( Fig. 2D) , indicating that the expression of the Osa-miR393a transgene enhanced accumulation of miR393 in the switchgrass TG plants. Considering that miRNAs perform their functions by suppressing the expression of their target genes, we tested the expression levels of the four putative target genes of miR393 in two TG lines (TG16 and TG22) and the WT by qRT-PCR. The results showed that all four of the putative target genes of miR393 were expressed at a significantly lower level in TG16 and TG22 than in WT plants (Fig. 2E ), suggesting that these four genes are the targets of, and their expression was regulated by, miR393. In the greenhouse, the TG lines grew well and had noticeably more tillers than the WT ( Supplementary Fig. S3A ).
The Osa-miR393a TG plants showed enhanced cold tolerance
To evaluate cold tolerance of Osa-miR393a TG switchgrass T 0 plants, a cold stress treatment (4 C) was given to switchgrass WT and TG plants at the E3 stage. The leaves of WT plants curled after 10 d of cold treatment, while most of the leaves of TG plants did not (Fig. 3A) . When stained with diaminobenzine (DAB) solution, WT leaves showed a stronger brown color than TG plants, indicating that the leaves of WT plants accumulated more H 2 O 2 under cold stress (Fig. 3A) . Moreover, during cold treatment, WT plants had no tiller formation (Fig. 3B) , while the TG plants still developed new tillers (Fig. 3C) . As shown in Fig. 3D , the tiller number of WT and TG plants had no significant differences at the beginning of the cold treatment. Under cold treatment for 20 d, each TG plant formed 2-4 new tillers, resulting in significantly more tillers than WT plants. The fresh weight of the above-ground parts of TG plants was also greater than those of WT plants (Fig. 3E) .
Leaf relative water content (RWC) is commonly used as a parameter in investigating the water holding ability of leaf cells when plants are subjected to abiotic stresses. Here we measured the RWC of WT and TG plants that were subjected to cold (4 C) treatment. As shown in Fig. 3F , no significant differences were observed in RWC between WT and TG plants before cold treatment. The RWC of WT plant leaves decreased from 90% to about 40% after treatment for 20 d. In comparison, the TG22 plants showed much higher water retention capacity during and after cold treatment, with the RWC decreased from 90% to still >80%.
The plant cells could be injured under cold stress conditions. The permeability of the cell membrane is increased, resulting in an increase in the cell electrolyte leakage (EL). To evaluate the integrity of cell membranes of WT and TG plants after cold stress, the leaf cell EL of both WT and TG plants was tested under normal and cold conditions. As shown in Fig. 3G , no significant differences were found in EL between WT control and two representative TG lines cultured under normal growth conditions. During the cold treatment, the TG plants had significantly lower EL at the three tested time points (10, 15 and 20 d). After 20 d of cold treatment, the EL was 72% in WT plants, but only 40% in the TG plants. The results indicated that overexpression of miR393 enhanced the integrity of cell membranes of TG plants and alleviated the damage due to cold stress. Overall, the results suggested that the miR393-overexpressing switchgrass plants had stronger cold tolerance than WT plants under the tested cold stress conditions.
As the recovery of plant after winter hardiness is also an indicator of plant cold tolerance, we investigated the recovery time of WT and TG plants. We found the TG plants recovered about 2 weeks earlier than WT plants and also had more tillers ( Supplementary Fig. S3B , C). Expression of cold tolerance-related genes was up-regulated in the miR393-overexpressing switchgrass plants
To explore the potential molecular mechanisms of improved cold tolerance of Osa-miR393a TG switchgrass plants, we searched for the cold tolerance-related genes in the genome website of switchgrass (https://phytozome.jgi.doe.gov/pz/ portal.html) by performing BLAST with known cold tolerance genes in Arabidopsis or rice (Jaglo-Ottosen et al. 1998 , Fowler and Thomashow 2002 , Chinnusamy et al. 2003 , Gutha and Reddy 2008 . Switchgrass homologs of four cold tolerance genes, i.e. PvCOR47 (Pavir.Aa00887.1), PvDREB1B (Pavir.Ba01283.1), PvICE1 (Pavir.Eb03736.1) and PvRAV1 (Pavir.J13012.1), were identified and their expression in WT plants was tested under cold treatment at 4 C (Fig. 4A) . Except for PvDREB1B, the expression of the other genes was up-regulated by the cold treatment, especially from 0 h to 12 h. The expression of PvRAV1 was steadily increased for the first 24 h (Fig. 4A) . Intriguingly, the expression of these four cold tolerance-related genes was higher in the two TG lines than in WT plants when grown at room temperature, and most of them showed significantly higher expression (Fig. 4B) . After a cold treatment for 24 h, PvCOR47, PvICE1 and PvRAV1 still showed a trend of up-regulated expression in both TG lines, and the expression of PvCOR47 and PvRAV1 was significantly up-regulated in TG22 (Fig. 4B) . The results indicated that overexpression of miR393 led to enhanced expression of the cold tolerance-related genes, and improved cold tolerance of the TG plants.
Overexpression of miR393 antagonized auxin effects on switchgrass seedlings
As auxin signaling transduction could be affected by miR393 suppressing its target genes, we compared the responses of auxin treatment on switchgrass WT and the TG Osa-miR393a T 1 seedlings by adding different concentrations of NAA (0.0, 0.05, 0.1, 0.2, 0.5 and 1.0 mg l -1 ) to the medium. The results showed that the root growth of WT seedlings was clearly inhibited by the addition of NAA to the medium. Roots of WT seedlings also showed obvious swelling and callus formation when the NAA concentration increased up to 0.5 mg l -1 , but the roots of TG lines had no such phenotype (Fig. 5A) . Moreover, the root length of TG seedlings was significantly greater than that of WT seedlings in the presence of NAA (Fig. 5A, B) . The results indicated that miR393 antagonized the auxin effects in switchgrass.
Furthermore, expression of cold tolerance-related genes (PvCOR47, PvICE1, PvRAV1 and PvDREB1B) was negatively regulated by exogenous NAA. In WT plants, the expression of PvCOR47 was significantly down-regulated even at 0.1 mg l -1 NAA treatment, and the expression of PvICE1, PvRAV1 and DREB1B was steadily down-regulated with the increase in NAA concentration (Fig. 5C) . However, these genes were all expressed at higher levels in the roots of transgenic lines than in those of the WT (Fig. 5D) . Taken together, all the data indicate that miR393 overexpression down-regulates its target genes in the auxin signaling pathway, which leads to up-regulation of the cold tolerance-related genes and enhanced cold tolerance in switchgrass TG plants.
Osa-miR393a TG seedlings accumulated less H 2 O 2 under cold stress Cold stress causes plant cells to accumulate reactive oxygen species (ROS), which could lead to oxidative stress and finally cell death. We stained 2-week-old WT and TG T 1 seedlings that had been treated with NAA or subjected to cold treatment with DAB to visualize the accumulation of H 2 O 2 . The results showed that the leaf color of WT seedling was browner than that of TG seedlings, which indicated the leaf cells of WT seedlings accumulated more H 2 O 2 . Also the brown color was stronger when the NAA concentration increased. In comparison, the color of the DAB staining on the leaf of transgenic lines TG16 and TG22 was much lighter after treatment with the same NAA concentration. In addition the H 2 O 2 content was steadily increased when the NAA concentration was increased (Fig. 6A) . Quantitative tests of H 2 O 2 accumulation in WT and TG seedlings revealed that after cold treatment the WT seedlings accumulated significantly more H 2 O 2 than TG seedlings (Fig. 6B) . Additionally, the H 2 O 2 content was steadily increased when the NAA concentration increased (Fig. 6B) . The results indicated that enhanced cold tolerance of TG plants could be partially attributed to the reduced ROS accumulation.
The auxin signaling pathway also affects cold stress responses in Arabidopsis
To explore whether the miR393/target module-regulated auxin signaling also affects cold stress regulation of other plant, we tested the model plant Arabidopsis, because there is no switchgrass mutant in auxin signaling available. The results showed that the growth of Arabidopsis seedlings was inhibited by exogenous NAA; when a higher concentration of NAA was supplied in the medium, the size of 14-day-old WT Arabidopsis seedling was even smaller (Fig. 7A) . Exogenous NAA inhibited miR393 accumulation, but promoted the expression of miR393 target genes ( Supplementary Fig. S4A, B) . After giving a cold treatment to the seedlings at 4 C for 24 h, the DAB staining assay showed that the roots of Arabidopsis seedlings grown on medium containing exogenous NAA had a stronger brown color, indicating that the cells accumulated a higher concentration of H 2 O 2 (Fig. 7A) . Cold stress significantly induced miR393 expression ( Supplementary  Fig. S4C ). However, the down-regulated expression of miR393 target genes was only observed on AtAFB2 after cold treatment for 5 h, whereas AtTir1 showed enhanced expression ( Supplementary Fig. S4D ). The results suggested that the ) of NAA, the expression of these genes responded with different patterns. The expression of AtICE1 was promoted by 0.05 mg l -1 NAA, but was significantly inhibited by 0.1 mg l -1 (Fig. 7B) . These results were similar to data from switchgrass seedlings treated with NAA.
To confirm further the auxin signaling effect on cold stress response, we compared cold responses of WT Arabidopsis and two auxin signaling mutants (single mutant tir1-1 and quadruple mutant afb1/2/3/tir1). After cold treatment at 4 C for 24 and 48 h, the roots of WT Arabidopsis seedlings also showed a stronger brown color in the DAB staining assay (Fig. 7C) . In addition, expression of cold tolerance-related genes in WT and mutant Arabidopsis seedlings indicated that cold treatment significantly induced the expression of these cold tolerancerelated genes, especially in the auxin signaling single mutant plants (Fig. 7D ). AtRD29A and AtICE1 showed even higher induced expression after cold treatment in the auxin signaling single mutant tir1-1 than in the WT Arabidopsis seedlings. Intriguingly, the expression of AtRD29A, AtCBF3 and AtICE1 in the auxin signaling mutant seedlings was significantly higher than that in the WT Arabidopsis even before cold treatment (Fig. 7D insert) . The results indicated that when the auxin signaling was inhibited, the cold tolerance-related genes were prone to be expressed at a higher level, and cells of Arabidopsis seedlings accumulated less H 2 O 2 under cold stress. These results confirmed that miR393/target module-regulated auxin signaling has an effect on plant cold tolerance.
Overexpression of miR393 increased tiller number and biomass, and improved forage quality of TG switchgrass plants When TG and WT switchgrass plants were grown in a greenhouse, TG plants were shorter than WT plants in height, but had noticeably more tillers (Fig. 8A) . The TG plants still had new tillers developed at the heading stage, but the WT plants had hardly any ( Supplementary Fig. S3A ). New tillers were found to develop easily in TG plants from most of the nodes in soil and the nodes above ground after cutting (Fig. 8B) . At the time of the third cutting (C3), the tiller number of TG plants was about twice as much as that of the WT plants (Fig. 8C) . Moreover, the fresh weight of the above-ground parts of the TG plants harvested at C3 was significantly higher than that of the WT plants (Fig. 8D) .
Phenotype comparison was performed on two WT and three T 0 generation TG lines (TG11, TG16 and TG22) in the field. As shown in Table 1 , TG plants grown in the field were slightly shorter, but had significantly more tillers than WT plants. On average, each WT plant had around 29 tillers, but each TG plant had about 43 tillers. Plant heights of TG plants (188-196 cm) were slightly lower than those of WT plants (206-213 cm) . However, analysis of the above-ground fresh weight revealed that the biomass yield of each TG plant (635-727 g) was significantly higher than that of the WT (453-460 g) after growing in the field for about 5 months. The TG16 line showed the highest miR393 expression level (Fig. 2D) , and had the highest tiller number (46) and the highest biomass yield (727 g). In autumn, WT plants stopped developing new tillers, but the TG plants still developed new tillers (<20 cm). The results suggested that the miR393 expression level is positively related to tiller number and overall biomass productivity of switchgrass.
The contents of cell wall components are important indexes for forage quality and biofuel applications. We therefore compared the neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid detergent lignin (ADL) content of WT and TG plants. As shown in Table 2 , the NDF, ADF and ADL contents of the TG plants were all significantly lower than those of WT plants. In addition, two out of the three tested TG lines had significantly higher soluble sugar content than WT plants ( Table 2 ). The results indicated that overexpression of miR393 leads to a series of physiological changes in switchgrass and improved forage quality of TG plants. 
Discussion
Plants have evolved a variety of complex adaptive strategies to tolerate cold stresses (chilling, temperature 0-10 C and freezing, temperature <0 C), which includes many different physiological responses and molecular mechanisms (Fang et al. 2015) . Consistent with a previous report that the expression of miR393 was up-regulated by cold stress in Arabidopsis (Sunkar and Zhu 2004) , miR393 expression was increased in switchgrass after cold treatment for 24 h (this report), indicating that miR393 could be involved in the regulation of cold tolerance of switchgrass.
MiRNAs perform their biological functions by regulating their target genes. MiR393 target genes and their homologs were identified in several plant species, particularly in Arabidopsis. The miR393 target genes (TIR1/AFB genes) regulated auxin signaling by releasing the auxin response factors (ARFs), and by mediating proteolysis of Aux/IAA repressors (Ruegger et al. 1998 , Dharmasiri et al. 2005a , Kepinski and Leyser 2005 . Down-regulating the expression of TIR1/AFB genes decreased the plant sensitivity to auxin (Dharmasiri et al. 2005b) . In this report, expression of four putative miR393 target genes (PvAFB1, PvAFB2, PvAFB3 and PvTIR1) was significantly down-regulated in the Osa-miR393a TG plants. The lower sensitivity of TG seedlings to exogenous NAA treatment further supported the link between miR393 and the auxin signaling pathway. Auxin signaling was believed to play a vital role in plant development and also in responding to different stresses (Depuydt and Hardtke 2011, Rahman 2013) . A large number of studies linked auxin to organ development and also the cross-talk of auxin with other hormones in response to various stresses (reviewed by Chandler 2009 , Peer et al. 2011 , Muday et al. 2012 , Rahman 2013 , Naser and Shani 2016 , Shani et al. 2017 ). Yet, the detailed mechanisms of how miR393 regulated auxin signaling and positively affected cold tolerance still need to be elucidated.
The genes which respond to cold stress play vital roles in Arabidopsis cold tolerance (Chinnusamy et al. 2007 ). The COR (COLD RESPONSIVE) genes, C-repeat binding factor (CBF) genes, an inducer of CBF expression 1 gene (ICE1) and the DNA-binding protein RAV1 (RELATED TO ABI3/VP1) gene (RAV1) have been reported to be involved in plant cold tolerance (Stockinger et al. 1997 , Liu et al. 1998 , Ö rvar et al. 2000 , Fowler and Thomashow 2002 , Hu et al. 2004 , Lee et al. 2005 , Vogel et al. 2005 . Our results revealed that expression of PvCOR47, PvICE1 and PvRAV1 genes was up-regulated by cold treatment in WT switchgrass. Moreover, their expression was higher in miR393-overexpressing TG switchgrass plants, and these plants were more tolerant to cold stress. Intriguingly, these cold-responsive genes were all negatively regulated by exogenous NAA in WT plants, which suggested involvement of the auxin signaling pathway in cold tolerance. That also proved inversely that miR393-suppressed auxin signaling transduction promotes the improved cold tolerance. In a previous report, overexpression of OsGH3-2 suppressed auxin signaling transduction in transgenic rice, and enhanced cold tolerance (Du et al. 2012) , which also pointed to the link between auxin signaling and cold tolerance.
In Arabidopsis, the miR393 target gene AFB1 (At4g03190) is similar to Glucose repression resistance 1 (GRR1) (Sunkar and Zhu 2004) . AFB1 was reportedly involved in sugar metabolism, and also in various abiotic stresses Zhu 2004, Chinnusamy et al. 2007 ). The miR393-enhanced cold tolerance of TG switchgrass plants might also be linked to sugar metabolism because the soluble sugar content was increased in the TG16 195.7 ± 2.1bc 46.0 ± 3.6 a 727.0 ± 54.1a 18.0 ± 2. a TG22 188.7 ± 0.6c 40.7 ± 4.2a 638.7 ± 69.1b 13.7 ± 1.2b
Each value represents the mean ± SE from replicates. Different letters following the values in the same column indicate significant differences according to ANOVAs (P < 0. 05). a n = 15. b n ! 4. TG plants. The expression of cold tolerance-related genes in the WT and auxin signaling mutant Arabidopsis also supported the speculation that auxin signaling negatively regulates cold tolerance gene expression. The lower H 2 O 2 accumulation in the auxin signaling mutant Arabidopsis under cold treatment could be favorable to cells by avoiding severe injury from high accumulation of ROS. The Osa-miR393 TG T 1 switchgrass seedlings accumulated less H 2 O 2 than the WT after cold stress treatment, indicating that increased cold tolerance of TG plants by miR393 overexpression also benefits from reduction of ROS. Phytohormones, such as gibberellins (Biemelt et al. 2004 ), brassinosteroids (Sakamoto et al. 2006) , auxins (Xia et al. 2012) and cytokinins (Wang and Li 2008) could regulate plant biomass by manipulating plant architecture. Overexpression of miR156 increased tiller number in several plants (Martin et al. 2010a , Martin et al. 2010b , Xia et al. 2012 ) including switchgrass (Chuck et al. 2011 ). MiR393 has been reported to regulate root architecture by repressing expression of its target genes. In Arabidopsis, up-regulated miR393 inhibited lateral root formation (Vidal et al. 2010) . In contrast, plants overexpressiing the miR393/target gene TIR1 had more lateral roots and a short primary root (Chen et al. 2011) . In this study, the TG switchgrass seedlings were less sensitive to exogenous NAA and had longer primary roots under cold acclimation treatment. Tillers could develop from the nodes of the lower part of the TG switchgrass plant, which could help the TG plants survive severely cold winters and also have more tillers in the following spring. The TG plants recovered earlier in spring than WT plants, had more tillers and grew longer in autumn than WT plants. All these phenotypes contributed to the higher biomass yield of TG per plant than the WT in both the greenhouse and the field.
Switchgrass could be harvested several times to obtain high quality forage, but one harvest per year could give the highest biomass yield (Sanderson et al. 1999) . Overexpression of miR393 enhanced tillering of TG switchgrass plants and had more biomass yield from the TG plant with one harvest or multiple harvests. The results were consistent with observations in rice (Gao et al. 2011 , Xia et al. 2012 ; however, differently from rice, overexpression of miR393 did not affect the flowering time of switchgrass. Switchgrass is a C 4 tetraploid plant and rice is a C 3 diploid plant, and their complicated natural differences could affect the effects of miR393 on flowering time in the two species. Actually, overexpression increased the vegetative growth time over a whole growing season, because the plants recovered early in the spring and stopped growth late in the autumn. Testing the forage quality of WT and TG switchgrass plants revealed that the NDF, ADF, cellulose and ADL contents of transgenic plants were decreased, but the soluble sugar content was increased significantly. This may be partly attributed to the TG plants having more young tillers than the WT plants.
In conclusion, a balance between miR393 expression and auxin signaling transduction could exist and haved fundamental effects on switchgrass growth and cold tolerance. Fine-tuning the expression of miR393 or its target genes could be a strategy to improve plant biomass and cold tolerance at the same time.
Materials and Methods
Cloning the Osa-miR393a gene and constructing the plant expression vector
The full length (685 bp) of Osa-miR393a cDNA (GQ419305) containing a stemloop structure of miR393a (Wang et al. 2010 ) was amplified using the primers 393a (OX)_F 5 0 -CCAAACTATTAATTATGGTTTACAGT-3 0 and 393a (OX)_R 5 0 -T AGTGTGTTCGCTATGTAATTAGCAA-3 0 , and cloned into the XbaI and SalI sites of the binary vector pZH01, driven by the Cauliflower mosaic virus (CaMV) 35S promoter (Xiao et al. 2003) . The T-DNA region of the binary vector also contained hpt as a selectable marker gene under the control of the CaMV 35S promoter. The binary vector was transferred into Agrobacterium tumefaciens stain EHA105 for Agrobacterium-mediated transformation (Liu et al. 2015) .
Plant materials and growth conditions
The same callus line derived from a single mature seed of switchgrass (Panicum virgatum L., cv. Alamo) was used for Osa-miR393a transformation and nontransgenic control plant regeneration. The regenerated plants were grown in flowerpots (25 cm Â 25 cm) filled with nutrient-rich soil in a greenhouse with natural light (temperature ranged from 20 to 35 C). The Osa-miR393a TG plants were hand-pollinated with WT switchgrass plants that were generated from seed directly, and T 1 seeds were collected from these TG plants to evaluate the responses to exogenous NAA and cold stress of T 1 seedlings overexpressing miR393.
Verification of TG plants and qRT-PCR analysis
Total DNA was extracted from plant leaves using the cetyltrimethylammonium bromide (CTAB) method (Gao et al. 1997) for PCR and Southern blot analysis as described previously (Liu et al. 2015) . The TG lines were tested by amplifying a 417 bp fragment of the Osa-miR393a gene using a pair of primers miR393_F and miR393_R (Supplementary Table S1 ). A 741 bp fragment of the hpt gene was amplified through PCR using a pair of primers hpt-F and hpt-R (Supplementary  Table S1 ) as a probe for Southern blot test. A 25 mg aliquot of genomic DNA was digested with the restriction enzyme BamHI. Probe labeling and the hybridization procedure were performed following the manufacturer's instructions in the DIG High primer DNA labeling and detection starter kit II (Roche Applied Science; Cat. No. 11585614910). Each value represents the mean ± SE of six replicates. Different letters following the values in the same column indicate significant differences according to ANOVAs (P < 0.05). ADF, acid detergent fiber; ADL, acid detergent lignin; NDF, neutral detergent fiber.
Total RNA was isolated using a plant RNA extraction kit (TAKARA CO.). One mg aliquot of RNA was used for reverse transcription of the first-strand cDNA synthesis following the protocol of a reagent kit (TAKARA RR047A) for gene expression analysis. For analyses of the mature miR393 by quantitative stem-loop RT-PCR, the miR393 stem-loop RT-PCR primer was used for synthesis of the first-strand cDNA by the reverse transcription reaction (VarkonyiGasic et al. 2011) . The SYBR green supermix (TAKARA RR420) was used for quantitative real-time PCR analysis. The reaction was performed using the Eco TM Real-Time PCR System (Illumina, EC-100-1001). The primers used for quantitative real-time PCR tests of the putative target gene of miR393 and coldrelated genes in the experiments are listed in Supplementary Table S1 . The relative expression levels of genes were determined using the 2 -ÁÁCT method (Livak and Schmittgen 2001) . A ubiquitin gene (AP13CTG25905) of switchgrass was used as the internal control for RNA normalization for gene expression testing (Wuddineh et al. 2015) . The cDNA of the small nuclear RNA U6 (Pavir.J34795.1) was used for RNA normalization for miR393 quantitative stem-loop RT-PCR testing. All data were collected from at least three biological replicates in the experiments for statistical analysis.
Cold tolerance tests of the T 0 generation of Osa-miR393 TG plants
To test cold tolerance of WT and TG T 0 generation switchgrass plants, plants proliferated by split tillers of E3 stage were subjected to cold treatment in a growth chamber at 4 C for 20 d (Hardin et al. 2013) . Light intensity was 150 mmol m -2 s -1
, and photoperiod was 14 h light/10 h dark. Three replicates were given for each TG line and WT plant, and the same set of plants was also cultivated in a growth chamber at 25 C as controls. The plant leaves were sampled after 4 C treatment for 0, 3, 12 and 24 h for RNA extraction to test the expression of cold-related genes. During the cold treatment, leaves were also collected at 0, 10, 15 and 20 d for leaf RWC and EL measurement as described in previous reports (Li et al. 2010 , Cen et al. 2016 . After the cold treatment, WT and TG plants were moved to a greenhouse for recovery for a week, and then the tiller numbers and the above-ground biomass were recorded.
NAA and cold treatments to wild-type and T 1 switchgrass seedlings Sterilized switchgrass seeds of WT control and the T 1 generation collected from the miR393-overexpressing lines TG16 and TG22 were germinated on filter paper that had been soaked with sterile water or with 100 mg l -1 hygromycin B (for T 1 seeds) in a growth chamber at 37 C for 2 d. The germinated seeds were cultured on a Murashige and Skoog (MS) agar plate (pH 5.8) containing different concentrations of NAA to evaluate their responses to exogenous auxin (0.0, 0.05, 0.1, 0.2, 0.5 and 1.0 mg l -1 of NAA were added, separately). After culturing in a growth chamber with a light intensity of 100 mmol m -2 s -1 and a 14 h light/ 10 h dark photoperiod, at 25 C for 12 d, the phenotypes of WT and TG seedlings were recorded, and the root length was measured. Roots of five seedlings were sampled to analyze the effects of NAA on the expression of cold-related genes. The 2-week-old WT and TG seedlings that had been treated with different concentrations of NAA were subjected to a chilling treatment at 4 C for 1 d and a freezing treatment at 0 C for 1 d, then the seedlings were stained with DAB solution to analyze the H 2 O 2 accumulation quantitatively (ThordalChristensen et al. 1997 , Cen et al. 2016 ).
NAA and cold treatments to wild-type and auxin signaling mutant Arabidopsis seedlings WT (Col) and auxin signaling mutant (tir1-1 and afb1/2/3/tir1) Arabidopsis seeds were germinated on a vertical B5 basic agar plate (pH 5. , 14 h light/10 h dark photoperiod) in a 25 C growth chamber for 14 d (Gelvin 2006 followed by cold treatment (in the dark) at 4 C for 5, 12 and 24 h to evaluate expression of cold tolerance-related genes (AtRD29A, AtCBF3, AtICE1 and AtRAV1) and H 2 O 2 accumulation by DAB assay. RNA was extracted from at least five Arabidopsis seedlings for each sample. The expression of miR393 and its target genes was also analyzed (Dharmasiri et al. 2005a , Dharmasiri et al. 2005b ). The tests were performed at least three times with three biological repeats. The primers used are shown in Supplementary Table S3 .
Biomass comparison of wild-type and transgenic plants
To compare the dynamic increase in tiller number and the biomass yield of WT control and TG plants, at least three plants of each TG line and the WT were each planted in flowerpots (25 cm Â 25 cm) in a greenhouse. After planting (C0), WT and TG plants were cut and harvested every 3 months three times (C1, C2 and C3) and the tiller number and above-ground biomass (fresh weight) were recorded.
Detailed phenotype comparison of WT and TG plants was performed in the field (40 1 0 N, 116 16 0 E) of the China Agricultural University in Beijing for TG plant research. Plants with similar sizes were transplanted to the field at the end of April. The space between rows and plants was 30 cm Â 30 cm. The WT and TG plants were randomly planted. In November, we measured the plant height (from the ground to the top of the inflorescence) and the stem diameter (middle of the second node) of at least 15 well-developed tillers with an inflorescence. The tiller number of at least four different plants of the same TG line was counted. The number of new, regenerated tillers (<20 cm in length) was also counted. The above-ground parts were cut off and weighed to compare the biomass yield of WT and TG plants in a whole growing season.
Measurement of forage quality
The stems were harvested from the field in November (Sanderson et al. 1999) , when most of the tillers had developed to the R5 stage (Moore et al. 1991) . After peeling off the leaves and discarding the inflorescence, at least 15 stems for each sample were dried in an oven at 65 C for 48 h. The dried stem was ground in a mill and passed through a 0.6 mm sieve. NDF, ADF and ADL contents were tested to evaluate forage quality by following the protocols of Goering and Van Soest (1970) . About 500 mg of finely ground switchgrass stem was used in the analysis. Soluble sugar was extracted with 80% alcohol and measured using the anthrone-sulfuric acid colorimetry method (Dubois et al. 1956 ).
Statistical analysis
The data were analyzed by one-way analysis of variance (ANOVA). The comparison of treatments was separated by Duncan's multiple range test (P < 0. 05). At least 15 mature tillers of the flowering stage were used for the measurement of plant height. There were at least three biological repeats for each treatment. The proc GLM for ANOVA of SAS 8.2 (SAS Institute) was used for the analyses.
Supplementary data
Supplementary data are available at PCP online. 
